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Abstract 

Purpose Simulation plays a critical role in the design of 
products, materials, and manufacturing processes. However, 
there are gaps in the simulation tools used by industry to 
provide reliable results from which effective decisions can 
be made about environmental impacts at different stages of 
product life cycle. A holistic and systems approach to predict¬ 
ing impacts via sustainable manufacturing planning and sim¬ 
ulation (SMPS) is presented in an effort to incorporate 
sustainability aspects across a product life cycle. 

Methods Increasingly, simulation is replacing physical tests to 
ensure product reliability and quality, thereby facilitating steady 
reductions in design and manufacturing cycles. For SMPS, we 
propose to extend an earlier framework developed in the 
Systems Integration for Manufacturing Applications (SIMA) 
program at the National Institute of Standards and Technology. 
SMPS framework has four phases, viz. design product, engi¬ 
neer manufacturing, engineer production system, and produce 
products. Each phase has its inputs, outputs, phase level activ¬ 
ities, and sustainability-related data, metrics and tools. 
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Results and discussion An automotive manufacturing sce¬ 
nario that highlights the potential of utilizing SMPS frame¬ 
work to facilitate decision making across different phases of 
product life cycle is presented. Various research opportunities 
are discussed for the SMPS framework and corresponding 
information models. 

Conclusions The SMPS framework built on the SIMA model 
has potential in aiding sustainable product development. 

Keywords Planning • Reference framework • Simulation • 
Sustainable design • Sustainable manufacturing • Systems 
approach 

1 Introduction 

Simulation is widely used in industry and has proven to be 
an effective approach for problem solving and optimization. 
Increasingly, simulation is reducing the physical testing 
required to ensure product and process reliability. Today, 
steady reductions in design cycles are crucial to remain 
competitive with an ever-increasing number of consumer 
products especially at a time of economic and environmental 
crisis. Despite the promising uses for simulation, current 
research illustrates significant shortcomings and challenges 
to incorporate sustainability aspects. Overall, simulation in 
industry sees continuing growth while facing significant 
obstacles to meet its full potential. According to the Blue 
Ribbon Panel on Simulation-Based Engineering Science 
(Oden et al. 2006), simulation has yet to play a central role 
in important industrial and defense-design applications. 

This research examines how simulation modeling can 
augment sustainable manufacturing, by facilitating decision 
making across different stages of product development and 
life cycle. Sustainable manufacturing (SM) (ITA 2011; 
NACFAM 2011) broadly implies the need for the develop¬ 
ment of innovative manufacturing sciences and technologies 
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that span the entire life cycle of products and services to 
reduce environmental impacts; conserve energy and natural 
resources; remain safe for employees, communities, and 
consumers; and be economically sound. In the context of 
this paper, the terms SM and sustainable product develop¬ 
ment are used with an initial focus on the environmental 
aspects of sustainability, but the proposed approach can later 
be extended to include the social and economic aspects. 
While discussing the environmental aspects, we utilize en¬ 
ergy use as an indicator for demonstration purposes. 

2 Literature review 

From the literature, simulation evidently plays an important 
role in the design of products, materials, manufacturing 
systems, and processes, thereby contributing to the reduc¬ 
tion in design cycles and life cycle assessment (LCA). Law 
and McComas (1999) reported that one of the primary areas 
for simulation is in manufacturing systems. Detailed discus¬ 
sions on modeling and simulation can be found in numerous 
references (e.g., Banks et al. 2000; Law and Kelton 2000). 
Discrete event simulation (DES) in particular, has been 
popular for many purposes other than manufacturing, such 
as patient flows in healthcare, military strategies, logistics, 
call centers, and restaurants. Today, sustainability consider¬ 
ations (e.g., energy efficiency, emissions, material waste) 
are increasingly relevant and demand greater attention. In 
general, analysis and optimization of multiple objectives is 
not uncommon in manufacturing simulation, but limited 
with respect to sustainability. For example, DES in combi¬ 
nation with LCA data is one possible approach for analyzing 
the cause-effect relation of various scenarios in which fac¬ 
tors such as time, resources, location, and randomness play a 
critical role. For such analysis, only a few research publica¬ 
tions exist. For example, Solding and Petku (2005) and 
Solding and Thollander (2006) describe how DES and 
LCA can be used to decrease electricity consumption of 
foundries, while Ostergren et al. (2007) and Johansson et 
al. (2008, 2009a, b) describe how they can be used to 
quantify environmental impacts during food production 
and in an automotive paint shop, respectively. In spite of 
the reported benefits of simulation, gaps resulting from 
technological barriers still exist and pose a challenge for 
determining the appropriate metrics and level of integration 
between the design and simulation tools so as to predict 
sustainability aspects through design and manufacturing. 
Table 1 summarizes the manufacturing-information and 
tool-related challenges facing simulation for sustainability. 

Besides these technical challenges, industries face many 
non-technical challenges regarding adoption of the tools and 
framework. These could include psychological barriers to 
adoption of new tools among experienced engineers or a lack 


Table 1 Challenges for sustainable manufacturing (SM) simulation 

Information-related problems result from a lack of: 

Datasets that support simulation 

Product-process-resource data and integration 

Reference data to identify and retrieve appropriate information 

Relationships between data requirements for design, manufacturing 
and planning 

Interpretation of life cycle issues 
Reasoning and decision support 

Problems related to simulation tools result from a lack of: 

Data integration for SM planning and simulation 

Characterization of manufacturing process resources for reliable 
datasets 

Sustainability metrics and indicators 

Integration of sustainability indicators between simulation and data 
analysis tools 

Simulation model validation 
Compelling case studies 


of the management’s tmst on the outcome of these tools that 
are being used by newly trained engineers. This is particularly 
relevant to sustainable manufacturing tools, as the uncertain¬ 
ties involved in most of the simplistic tools are quite large, a 
non-expert engineer can get highly inaccurate results by 
adjusting the input variables, system boundaries, metrics etc. 

To realize SM, industries need an integrated reference 
framework with quantifiable measurement techniques and ap¬ 
propriate performance metrics to evaluate all aspects of SM 
objectively, besides necessarily meeting regulatory require¬ 
ments. Research and development of new measurement meth¬ 
odologies, key process technologies, and standards assessment 
of product and process performance are also cmcial to ensure 
sustainability in manufacturing. 

3 Sustainable manufacturing planning and simulation 

3.1 Goal 

The current goal of the sustainable manufacturing planning and 
simulation (SMPS) framework is to explore alternate manufac¬ 
turing plans that reduce environmental impacts during the 
production phase. Problem solving using a systems engineer¬ 
ing approach is not new and has been widely reported in the 
literature. What is new is the focus on sustainability. To develop 
the SMPS framework, we extended the framework developed 
in the Systems Integration for Manufacturing Applications 
(SIMA) program (Barkmeyer 1997) at NIST. The different 
phases of product development (i.e., design, engineer the man¬ 
ufacturing plan, engineer the production system, production) 
helps one understand how simulation results, along with man¬ 
ufacturing product life cycle data, can be useful within and 
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across these phases (Fig. 1). The core value and emphasis in the 
SMPS framework is the design for sustainability (DFS), which 
includes SMPS phases and roles, corresponding high-level 
product development activities, and new sustainability-related 
information flow (e.g., material, energy, emissions, and waste 
across the phases). Note that simulation tools could always be 
designed in a way that it covers the entire life cycle. As can be 
seen From Fig. 1, decisions made in one of the phases can 
affect other life cycle phases such as use or recycling. For 
details on the corresponding activity models within each phase, 
please refer to (Barkmeyer 1997). The challenge in developing 
the SMPS framework is to identify the “new” components and 
required revisions related to simulation and sustainability com¬ 
pared to current SIMA architecture. 

3.2 Scope 

3.2.1 Design product 

When designing products, designers must cater to a multitude 
of technical, economic, social, environmental, and political 


requirements (Masanet and Horvath 2007). This phase iden¬ 
tifies and conceptualizes a marketable product and creates the 
complete description of it. With today’s growing concerns for 
green products and manufacturing, generating the right prod¬ 
uct and manufacturing specifications poses significant chal¬ 
lenge. DFS plays a cmcial role. One of the ways to design 
sustainable products is to include sustainability aspects in 
design requirements, constraints and the notion of value- 
added design constraints (i.e., that favor decreasing resource 
use and environmental impacts). Viewing sustainability as 
value-added design constraints provides the advantage of 
assigning weights for trade-off decisions. 

3.2.2 Create the manufacturing plan for the product 

This phase involves engineering the manufacturability of 
the product, i.e., defining the process of making the product, 
including the elementary stock materials and components to 
be acquired; the equipment, tooling, and skills to be used; 
and the details of that usage. Details include the setup and 
operation sequences to be performed and the complete 


Fig. 1 Integrated sustainable 
manufacturing planning and 
simulation (SMPS) framework, 
showing SMPS phases and roles, 
corresponding high-level prod¬ 
uct development activities, and 
new sustainability-related infor¬ 
mation flows (e.g., material, en¬ 
ergy, emissions, and waste across 
the phases). For details on the 
corresponding activity models 
within each phase, please refer to 
Barkmeyer (1997). TQM stands 
for total quality management 
(Oakland 2003). A HP stands for 
analytical hierarchy process 
(Saaty 2008). Figure adapted 
from Mani et al. 2010 


SMPS Phases and Roles 


Phase Level Activities Sustainability-related Data 

Flow/Tools 


Phase 1 
Design product 


Role: Design Analysis 


Phase 2 

Engineer Manufacturing 

Role: Engineering Simulation, 
Analysis and Optimization 


Phase 3 

Engineer Production System 


Role: Manufacturing Unit Processes, 
Manufacturing Simulation 


Phase 4 

Produce Products 


Role: Simulate Execution 


All: Plan Products 
A12: Generate Product Specifications 
A13: Perform Preliminary Design 
A14: Produce Detailed Designs 


Concurren t 

A21: Determine Manufacturing Methods 
A22: Determine Manufacturing Sequences 
A23: Engineer New Processes 
A24: Develop Tooling Packages 
A25: Develop Equipment Instructions 
A26: Finalize Manufacturing Data Package 


Concurrent 


A31: Define Production Engineering Problem 
A32: Specify Production & Support Processes 
A33: Design Production System 
A34: Model and Evaluate System 
A35: Define Implementation Plan 


Concurrent 


A41: Develop Production Plan 
A42: Define Production Jobs 
A43: Manage Tooling and Materials 
A44: Schedule Jobs 
A45: Control Production 
A46: Manage Production Facilities 
A47: Provide Production Facilities 


Reuse/ 
Recycle Data 


TQM, AHP, Statistical 
and Quality tools 


Design tradeoffs 
(Objective Functions) 


Multi-criteria designs 


Optimized scheduling and 
planning 


Asset Management 
Capacity Planning 


j ^ 
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Material Data 


Energy Data 


Energy Metering 



Product Lifecycle Data 

Water Usage 
Emissions 

Waste m - 


Core: Design for Sustainability 
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instructions for each operation, whether by human or auto¬ 
mated resources. The process of making the product 
includes measurement and inspection activities performed 
during production for process control and quality assurance. 

3.2.3 Engineer the production system 

This phase involves the design of new or modified produc¬ 
tion facilities for the manufacture of a particular collection 
of parts. A facility may represent a plant, a shop, a line, a 
manufacturing cell, or a group of manufacturing cells. 
Activities include identification of the parts, products and 
processes for which the production system is to be tailored; 
identification of the equipment to be installed or replaced; 
(re)design of the floor layout; and development of an im¬ 
plementation plan for the (re)designed production system. 
Simulation in this phase can be used to predict how complex 
systems will behave by incorporating functionality that 
includes random events, changing operating conditions 
and activities in which many interactions are involved. 
Simulation here typically involves developing a model that 
includes discrete stations and events that occur with some 
probability distribution. Simulation results are used to eval¬ 
uate the modeled system based on machine use, lead time, 
down time, etc. Simulation is an effective tool for consider¬ 
ing the effect of a change, what-if scenarios, comparing 
decision options, or refining a design. 

3.2.4 Produce products 

This phase involves providing and maintaining the production 
facilities to produce the parts according to the specifications in 
the process plans. This involves defining production schedules 
and controlling the flow of materials into and out of the 
production facility; scheduling, controlling, and executing the 
production processes themselves; providing and maintaining 
the production equipment and human resources involved; and 
developing and tracking the tooling and materials, etc. During 
product development, besides considering product sustainabil¬ 
ity, it is equally important to consider the implications of SM. 
Simulation of manufacturing processes can provide opportuni¬ 
ties in this regard. Such architecture with reference to simula¬ 
tion of what-if scenarios can create opportunities for engineers 
to distribute cost; reliability; and environmental impacts of 
product manufacturing, component reuse, remanufacture, and 
recycling in such a way that the result is higher customer 
satisfaction. More importantly, data analysis from the simula¬ 
tion, accumulated across the phases, supports decision making. 

3.3 SMPS characteristics 

The following are the envisioned system-level character¬ 
istics based on the SMPS framework: 


• Phased approach: The four phases, separated by natural¬ 
ly defined boundaries, clarify specific engineering activ¬ 
ities while enabling local optimization. 

• Concurrent planning: The framework supports concur¬ 
rent planning and data exchange between phases. 

• Sustainability: The framework enables calculation of 
environmental impacts through key performance indica¬ 
tors and quantifiable metrics. 

• Systems approach: The framework provides a systems 
approach to problem solving. 

• Boundaries: Between phases, the framework allows for 
boundaries to be set for measurement, analysis, and 
improvement of product. 

• Integrated LCA: LCA data can be dynamically linked 
for real-time information management and assessment. 

• Model congruency: SMPS congruence with reality is 
supported through validation of the simulation model 
in all four phases. 

• Standards integration: The framework supports linking 
relevant standards to the framework to check for regu¬ 
latory compliance. 

3.4 Information models that support simulation for SM 

Information management problems affect many aspects of 
manufacturing operations, but they are a particular hindrance 
to the creation and reuse of manufacturing simulations. To be 
able to provide accurate information to support simulation 
modeling in different product development phases, information 
models that can support integrated planning and simulation are 
needed. The SMPS framework will provide opportunities to 
introduce sustainability factors to minimize environmental 
impacts at various stages of the product life cycle. 

The idea behind such an information model is to provide not 
only adequate points of reference for information across the 
phases to facilitate manufacturing simulation but also to pro¬ 
vide mapping and interface between them. A well-connected 

Table 2 Sustainable manufacturing planning and simulation can be 
used to analyze and optimize machines and manufacturing processes to 
improve implementation of sustainability strategies, for example, in an 
automotive manufacturing facility (Mani et al. 2010). Energy efficien¬ 
cy trends of machines and manufacturing processes (left side) can be 
mapped and correlated better to sustainability metrics (right side) 


Machines and 
manufacturing 
processes 


Sustainability metrics 


Die making 

Casting 

Energy efficiency 

Green manufacturing 

Body shop 

Stamping 

Performance patterns 

Benchmarking 

Power train 

Assembly 

Machine monitoring 

Process optimization 

Painting 

Welding 

Preventive maintenance 

Decision support 

HVAC 

Molding 

Asset management 

Simulation models 



Efficient planning 

Energy templates 
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reference-information model to identify and locate appropriate 
datasets for simulation will facilitate the necessary product- 
process-resource integration, trade-offs, and multi-criteria de¬ 
cision support for SM. Relevant manufacturing-data-related 
standards are presented in SISO (2009). There are number of 
useful implications that one could envisage through SMPS 
(Table 2). The challenge however is to map the manufacturing 
process parameters to relevant sustainability indicators to de¬ 
crease the environmental impacts of the product. 

3.5 Integrated manufacturing planning and simulation 

With the SMPS framework, one can expect to expedite both 
top-down and bottom-up approaches to facilitate better 

Phase 3 Engineer Production System 

Role: Manufacturing Simulation 


decision making. A top-down approach allows opportunities 
for analysis by decomposition , while a bottom-up approach 
allows synthesis by aggregation. For example, by measuring 
total energy consumption for a manufacturing plant, a drive 
for energy reduction can be started, and by using simulation to 
identify machines and processes that consume large amounts 
of energy, a bottom-up approach is initiated for energy reduc¬ 
tion (Mani et al. 2008). In the engineering production system 
phase (phase 3), one must be able to answer questions such as 
the following: “Which production plan best uses the facility’s 
capabilities? Which plan is most energy efficient? Which 
scheduling plan optimizes sustainability aspects? Which 
machines are energy efficient?” Note that the proposed ap¬ 
proach allows for answering questions both a manufacturing- 
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Toolroom 


A 


Gangtool 


Sustainability Indicators 
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MRR = pixD aV gXdxfxN 


Where D avg : Average diameter 

N: Rotational speed of the workpiece 
f: Feed 

d: Depth of cut 


CNC 2 


I 


i 


Different cutting tools 
with different angles 


from the machine level to the factory flow or plant level (from Mani et 
al. 2010). CNC stands for computer numerically controlled machine 
and MRR stands for material removal rate 


Fig. 2 Exploded view of simulation of manufacturing processes, sub¬ 
processes, individual equipment, and their sustainability indicators 
(e.g., energy use, C0 2 emissions), whose values can be aggregated 
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process level and at the machine level. The immediate chal¬ 
lenge, in terms of research, is how companies perform this 
implementation and integration with other systems and what 
other technical and business areas can benefit from under¬ 
standing energy usage (Ameta et al. 2009). In manufacturing 
scheduling, it is often known well in advance what has to be 
produced. This can often lead to a nearly optimal schedule for 
all jobs ahead of time (Mahesh et al. 2007). But these methods 
are not developed well enough at the present time to cater to 
new trends in the economic and environmental crisis. 
Sustainability indicators (such as energy and C0 2 emissions) 
and their values can be aggregated from the machine level to a 
factory flow or further aggregated to the plant level (Fig. 2). 

To support SM from a compliance point of view, standards 
and inspection procedures must be studied and incorporated in 
the new simulation models for raw materials, manufactured 
part, and production process parameters including verification 
and calibration. For example, companies selling electrical 
goods in the European Union (EU) must conform to EU 
legislation for electrical and electronic equipment, which 
includes directives on Waste Electrical and Electronic 
Equipment and Restriction of Hazardous Substances. The 
International Organization for Standardization (ISO) has 
established related standards addressing environmental man¬ 
agement and specifically LCA (ISO 2006a, b). 

For the SMPS framework, the information model discussed 
in the previous section needs to take into account all types of 
information currently communicated through the four stages 


(see Fig. 1). SMPS handles the different activities, tools, data 
and standards that apply to each of the four phases (Fig. 3). 

3.6 Scenario 

This section discusses a scenario in which DES in phase 3 could 
be useful to generate product or system specifications for phase 
1. To set the stage, consider simulating energy use of a typical 
automotive manufacturing facility, including energy-intensive 
manufacturing process and energy losses (Fig. 4). Energy use is 
a rough estimate based on on-site manufacturing processes, 
while other subsystems and component suppliers have been 
excluded (Fig. 5). According to the USCAR (2008) report, die 
making and casting also have been excluded because they are 
assumed to be captive (on-site) or outsourced operations. 

Painting consumes more energy than any other operation 
in the automotive industry. Within the paint shop, the con¬ 
ditioning of the air in the spray booths is the most energy- 
intensive process. Precise control of temperature and rela¬ 
tive humidity in the paint booths is critical because it affects 
paint viscosity, which in turn affects the quality of the paint 
finish. A case study of simulating sustainability aspects of 
an automotive paint shop is presented in Mani et al. (2010) 
to demonstrate how simulation in one phase can help with 
decisions in another phase. The case study develops a pro¬ 
totype paint shop model that incorporates the use of LCA 
data in combination with DES and supports alternate deci¬ 
sions on energy use, choice of machines, and environmental 


Fig. 3 Relevant datasets, 
methods, tools and standards 
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Sub-system 
Suppliers 


Componeni 

Suppliers 



Die-Making 


Dies assembled from casting, 
inserts. binders and other pans 

Processes: assembly, 
machining, turning 



Stamping 


Finished parts are pressed out 
of coiled sheet metal 

Processes: feed, blank, draw, 
form, re-stnke, trim, wash 



Body Shop 


Body Structure including 
closures are produced (.body in 
white) 


Processes: parts assembly, two 
stag-stage spot welds (initial 
and final structure), robot- 
intensive assembly 


1 / 


Casting 


Casting of Metal Pans 


Processes: pattern making, sand 
handling/processing, core 
manufacturing, mold lines, metal 
mefting, poring, machining 


Energy Composite 
for Automotive 
Manufacturing 
Operations 




Power Train 


Transmission 


Engine 


Transmissions are assembled 
(clutch, gear sets, case 
controls, converters, shift) 


Engines are produced by 
castings/ forgings (pistons, 
heads, block) 

Processes: machining, heat 
treatment and assembly) 


Processes: feed, blank, 
draw, form, re-strike, trim, 
wash 


Painting 



General Assembly 


Processes: pre-treatment, seal, 
prime, top coat, repair: cure and 
drying 


4 


Assembly produces a reiaif 
ready Vehicle 

ry Processes: trim, fit and finish, 
final assembly; power train and 
chassis assembly; exterior and 
interior components/ 
subsystems, electrical systems 
(HVAC) 


Fig. 4 Energy composite for automotive manufacturing operations (adapted from USCAR 2008). Arrows represent energy losses in the energy 
infrastructure, while shaded areas represent energy-intensive manufacturing processes 


bottleneck detection (Johansson et al. 2009a, b; Leng and 
Yingchao 2005). The study demonstrates how DES in phase 

3 generates design requirements or specifications for manu¬ 
facturing systems in the early design stage (phase 1) or at the 
manufacturing planning stage (phase 2). 

4 Conclusions 

In this paper, a systems approach to Sustainable Manufacturing 
Planning and Simulation was identified as necessary and 

In-Plant Energy Distribution* 

10% 12% 

% □ Stamping 

■ Body Shop 

□ Transmission 
}o/ o □ Engine 

■ Paint 

□ General Assembly 

13% 

Fig. 5 In-plant process energy distribution of a typical automotive 
manufacturing facility. Die making and casting have been excluded 
(adapted from USCAR 2008) 


presented in an effort to bridge gaps in simulation tools to 
incorporate aspects of sustainability. 

The proposed SMPS approach can help industry achieve 
benefits such as: 

• Minimize energy use and improve productivity through 
improved product and process engineering via planning 
and simulation 

• Promote environmentally responsible businesses 

• Implement a comprehensive monitoring and preventive 
maintenance program that takes into consideration ener¬ 
gy use through simulation 

• Deploy energy indicators into any plans that include 
asset acquisition, allocation, or replacement 

• Create awareness of environmental impacts when mak¬ 
ing decisions and having a holistic system viewpoint for 
increased understanding of cause and effect 

Future work must primarily be aligned with the needs of 
the SMPS framework, models that support SMPS phases, 
sustainable material-flow analysis, and characterization of 
manufacturing processes. Activities include mapping of rel¬ 
evant data required in each phase, information models, and 
relevant case studies. This will facilitate the necessary inte¬ 
gration of SMPS phases to support simulation during design 
optimization to simultaneously deal with factors such as man¬ 
ufacturability, cost, and environmental impact. 
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